Staphylococcus aureus is one of the most common etiological agents of community-acquired skin and soft tissue infection (SSTI). Although the majority of S. aureus community-acquired SSTIs are uncomplicated and self-clearing in nature, some percentage of these cases progress into life-threatening invasive infections. Current animal models of S. aureus SSTI suffer from two drawbacks: these models are a better representation of hospital-acquired SSTI than community-acquired SSTI, and they involve methods that are difficult to replicate. For these reasons, we sought to develop a murine model of community-acquired methicillin-resistant S. aureus SSTI (CA-MRSA SSTI) that can be consistently reproduced with a high degree of precision. We utilized this model to begin to characterize the host immune response to this type of infection. We infected mice via epicutaneous challenge of the skin on the outer ear pinna using Morrow-Brown allergy test needles coated in S. aureus USA300. When mice were challenged in this model, they developed small, purulent, self-clearing lesions with predictable areas of inflammation that mimicked a human infection. CFU in the ear pinna peaked at day 7 before dropping by day 14. The T h 1 and T h 17 cytokines gamma interferon (IFN-␥), interleukin-12 (IL-12) p70, tumor necrosis factor alpha (TNF-␣), IL-17A, IL-6, and IL-21 were all significantly increased in the draining lymph node of infected mice, and there was neutrophil recruitment to the infection site. In vivo neutrophil depletion demonstrated that neutrophils play a protective role in preventing bacterial dissemination and fatal invasive infection.
M
ethicillin-resistant Staphylococcus aureus (MRSA) quickly gained notoriety after its emergence in the early 1960s (1) for its significant involvement in nosocomial infections, where it remains the most frequently isolated pathogen in hospital-acquired pneumonia and surgical site infection cases (2, 3) . Recent trends indicate that S. aureus is no longer confined to the hospital setting and is increasingly responsible for community-associated (CA) infections in healthy individuals with no classic risk factors (3) (4) (5) . CA-MRSA is now the most common etiologic agent of skin and soft tissue infection (SSTI) in patients admitted to emergency rooms and outpatient clinics in the United States, and 75% of all CA-MRSA infections present as SSTIs (6) . In the United States, the prevalent strain type of S. aureus isolated from CA-MRSA infections is USA300, which accounts for 97% of S. aureus SSTIs (6) .
S. aureus is capable of producing a wide variety of toxins, the expression of which differs between hospital-acquired MRSA (HA-MRSA) and CA-MRSA strains (7) . Several staphylococcal toxins play pathogenic roles in staphylococcal SSTI, including Panton-Valentine leukocidin (PVL), which is associated with furuncles and skin abscesses, alpha-toxin, which is associated with dermonecrosis, and exfoliative toxins, which are associated with impetigo and scalded skin syndrome (8) (9) (10) . USA300 has been shown to have enhanced virulence in animal models of infection (11) and express a large number of SSTI-associated toxins (12) . There are also notable differences in disease presentation and progression. Unlike wound and surgical site infections, CA-MRSA SSTIs generally begin as small lesions with areas of inflammation and necrotic tissue that are often mistaken for spider bites (13, 14) . Upon diagnosis, a large percentage of these small lesions are found to be the result of CA-MRSA SSTI (15, 16) .
While the majority of CA-MRSA SSTIs in healthy individuals are effectively cleared by the host immune response, a small percentage of these cases progress to fatal invasive infections, even in patients with no known risk factors (17, 18) . In mouse models, protective host responses involve recognition of S. aureus ligands by the innate immune system through Toll-like receptors and NOD-like receptors, which can lead to the production of the inflammatory cytokines interleukin-6 (IL-6) and IL-1 (19) . Another key component of an effective host response against S. aureus SSTI is neutrophil recruitment and survival (20) (21) (22) . Previous studies in mice have also demonstrated that the adaptive immune system can be involved in protection against S. aureus SSTI through epidermal production by T cells of IL-17 (23) , a cytokine involved in neutrophil recruitment.
While these and other studies offer some insight into the factors involved in the establishment and progression of CA-MRSA SSTI, many aspects of bacterial virulence and the host immune response have yet to be elucidated. Novel animal model systems that mimic S. aureus SSTI would provide a useful tool not only for investigating such factors, but also for evaluating candidate vaccines for their potential to protect against S. aureus SSTI. Previous animal models of Staphylococcus aureus SSTI, however, largely mimic wound and surgical site infections, more representative of hospital-acquired infections, and have utilized methods of infection that are not easy to reproduce from animal to animal with precision. Many of these methods include disruption of the skin, such as by tape stripping (24) , abrasion with a needle (25) , or incision with a scalpel (26), followed by inoculation of the injured skin. Other methods include intradermal injection of S. aureus (23) or of dextran beads coated in S. aureus (27) . We sought to develop a mouse model that mimics not a large wound or surgical site infection, but rather the smaller, superficial lesions often associated with CA-MRSA SSTIs. To this end, we developed a model in which the ear pinnae of mice were infected by pricking with S. aureus-coated Morrow-Brown allergy test needles (28) . We characterized the progression of the disease through a variety of methods and examined host responses to S. aureus SSTI in our model. Here we show that epicutaneous infection using S. aureus-coated Morrow-Brown needles resulted in a consistently replicable, selfclearing SSTI that exhibited areas of neutrophil infiltration and inflammation, an increase in B cells, and higher levels of gamma interferon (IFN-␥), IL-12 p70, tumor necrosis factor alpha (TNF-␣), IL-17A, IL-6, and IL-21 in the draining lymph node (LN). Importantly, survival of local infection was dependent on neutrophils.
CA-MRSA SSTI presents a very serious and costly health problem in the United States. Furthering our knowledge of how the host immune system clears this pathogen through the utilization of novel animal models of infection will help the scientific community to find better prophylactic and therapeutic strategies to battle these types of infections.
MATERIALS AND METHODS
Bacterial strains and preparation of needles. The clinical isolates of S. aureus used in these experiments were the USA300 strains NRS384 (NARSA), TCH1516 (ATCC) (29) , and FPR3757 (ATCC) (30) . The luminescent derivative of NRS384, SAP149, carries an integrated plasmid, pRP1190, which confers luminescence via a modified luxBADCE operon from Photorhabdus luminescens (31, 32) and confers chloramphenicol resistance via cat, originally from pC194 (33) . In preliminary studies, we confirmed that there were no differences in infection outcome between USA300-lux and the parental USA300 strain (data not shown). The wellcharacterized USA300 strains TCH1516 and FPR3757 were used in these studies in order to ensure that infection results are consistent across different strains. In addition, two mutant strains of NRS384 were utilized to determine the effect of virulence defects in this model. The first mutant was a double-knockout strain deficient in two immunoglobulin binding proteins: staphylococcal protein A (SpA) and second binding protein of immunoglobulin (Sbi) (34) . The second strain was a genetically inactivated mutant in the secreted toxin alpha-hemolysin (Hla). An overnight culture was started from S. aureus grown on tryptic soy agar (TSA) with 10 g/ml chloramphenicol. A volume of 1.0 ml of the overnight culture was then diluted 1:50 in sterile tryptic soy broth with 10 g/ml chloramphenicol, grown to an optical density at 600 nm (OD 600 ) of 0.8, washed in sterile phosphate-buffered saline (PBS), and resuspended at a concentration of 1.0 ϫ 10 11 CFU/ml. Ten microliters of S. aureus culture was dispensed onto the tip of a sterile Morrow-Brown allergy test needle using a sterile aerosol barrier pipette tip.
Construction of mutant strains. Primers used to engineer mutations in NRS384 are listed in Table 1 . The backbone for all allelic exchange constructs was the shuttle vector pMAD (35) . To genetically inactivate alpha-hemolysin, the chloramphenicol resistance gene cat (originally from pC194) (33) was amplified from pBT2 (36) . The PCR product was digested with BsaI and inserted into BamHI-NgoMIV-digested pMAD, generating pRP1276. Using NRS384 as the template, DNA flanking the codon for histidine 35 of Hla was amplified by PCR. The two resulting PCR products were digested with BsaI and cloned (37) into pRP1276 that had been digested with BamHI and SalI, generating pRP1308, which carries the H35L mutation in the Hla sequence, previously shown to reduce hemolytic activity and virulence (38) (39) (40) (41) .
To delete spa from NRS384, flanking DNA was amplified, and the resulting PCR products were digested with BsaI and cloned into pMAD that had been digested with BamHI and SalI, generating pRP1161, which carries the modified spa sequence START ϩ 17 codons ϩ MluI site ϩ 5 codons ϩ STOP. To add the chloramphenicol resistance cassette, pRP1161 and pRP1276 were digested with BamHI and BsaI, and the 8-kb fragment from the former was ligated with the 3-kb fragment of the latter, creating pRP1282. A similar approach was undertaken for deletion of sbi, leading to the generation of pRP1284, which carries the modified sequence START ϩ 6 codons ϩ MluI site ϩ 7 codons ϩ STOP. Plasmids were transferred to S. aureus RN4220 (42) by transformation (43) and were subsequently transduced to NRS384 using phage phi80 (44) . Allelic exchange was conducted as described previously (35) . The HlaH35L strain was designated SAP345, and the ⌬spa⌬sbi mutant strain was designated SAP315.
Mice. Female BALB/c mice (6 to 8 weeks old) were purchased from Taconic (Derwood, MD). Mice were maintained under microisolator conditions in the CBER animal facility (Bethesda, MD), in accordance with protocols reviewed and approved by the CBER Institutional Animal Care and Use Committee (IACUC).
Infection model. Six to eight mice per experimental group were epicutaneously challenged in the epidermis of the left ear. Mice were lightly anesthetized via intraperitoneal (i.p.) injection of 50 mg of ketamine/kg of body weight (Ketaject; Phoenix Pharmaceuticals, Inc., St. Joseph, MO) and 5 mg xylazine/kg of body weight (AnaSed; LLOYD Laboratories, Inc., Shenandoah, IA). The left ear of each mouse was cleansed with 70% isopropanol before pricking the ear 10 times with an S. aureus-coated or sterile uncoated Morrow-Brown allergy test needle. The mean inoculating dose of S. aureus was determined to be 4.0 ϫ 10 7 CFU/lesion, as determined by plating serial dilutions of ear pinna homogenates 4 h after inoculation (standard deviation [SD] ϭ 2 ϫ 10 7 ). Ear, LN, and kidney cultures. At 1, 4, 7, and 14 days postinfection, mice were euthanized, the left ear and abdomen were gently cleansed with 70% isopropanol, and the ear pinnae and superficial cervical lymph nodes (LNs) were removed using sterile scissors. Ear pinnae or cervical LNs were placed into 500 l of sterile PBS per ear or LN, in individual 2-ml Eppendorf tubes. Ears and LNs were homogenized using a Polytron PT 1200 handheld homogenizer (Kinematica, Bohemia, NY) and serial 10-fold dilutions of ear and LN homogenates were plated on tryptic soy agar plates to enumerate viable S. aureus per milliliter of homogenate. For experiments evaluating CFU in the kidney, kidneys were removed from each mouse using sterile scissors and placed into 5 ml of sterile PBS per pair of kidneys. Kidney tissue was then homogenized and 10-fold dilutions of homogenates were plated, as described above.
Microscopy. At days 1, 4, 7, and 14 postinfection, mice were lightly anesthetized via i.p. injection of 50 mg/kg ketamine (Ketaject; Phoenix Pharmaceuticals, Inc., St. Joseph, MO) and 5 mg/kg xylazine (AnaSed; LLOYD Laboratories, Inc., Shenandoah, IA). The left ear of each mouse was then examined using a SMZ-745T zoom stereo microscope (Nikon, Melville, NY) with a 15ϫ objective and 0.67ϫ click stop, and images were gathered using a Micropublisher 3.3 real-time viewing camera (Nikon, Melville, NY).
Histology. Ear pinnae from infected and mock-infected mice, as well as ear pinnae from infected mice treated with either RB6-8C5 or IgG2b isotype control monoclonal antibodies (see below), were removed at days 1, 4, 7, and 14 postinfection and fixed in formalin. Paraffin-embedded sections were stained with hematoxylin and eosin (H&E). All tissue processing and staining were performed by Histoserv, Inc. (Germantown, MD). Each ear section was examined under a Zeiss AX10 microscope (Thornwood, NY), and images were captured using a Zeiss AxioCam camera (Thornwood, NY). Slides were examined under blinded conditions on a scale of 1 to 5 by a board-certified veterinary pathologist, where 1 indicated minimal to mild focal dermal inflammatory infiltrates with or without dermal acanthosis, 2 indicated mild multifocal dermal infiltrates with or without intraepidermal microabscesses, 3 indicated multifocal to diffuse moderate dermal inflammatory infiltrates extending to the skeletal muscles with or without intraepidermal microabscesses, 4 indicated marked dermal inflammatory infiltrates extending to the skeletal muscle and cartilage with or without intraepidermal microabscesses, and 5 indicated full thickness auricular necrosis or massive inflammation with myositis and chondritis.
Cytokine production assay. Superficial cervical LNs were harvested from infected and uninfected mice at days 1, 4, and 7 postinfection. LNs were placed in 150 l sterile Procarta cytokine standard diluent for cell lysate samples (Affymetrix, Santa Clara, CA) and homogenized on ice using a Polytron PT 1200 handheld homogenizer (Kinematica, Bohemia, NY) on the lowest speed setting. LN homogenates were centrifuged for 15 min at 14,000 ϫ g at 4°C, and supernatants were stored at Ϫ70°C until ready to analyze. Samples were analyzed using Procarta Immunoassays (Santa Clara, CA) and read on a BioPlex 200 Luminex System (Bio-Rad, Hercules, CA) according to the manufacturer's directions. The cytokines tested included murine IFN-␥, IL-12 p70, TNF-␣, IL-17A, IL-6, and IL-21.
Flow cytometry. Superficial cervical LNs were harvested from infected and mock-infected mice at days 4 and 7 postinfection, and single cell suspensions were prepared by homogenization using a Polytron PT 1200 handheld homogenizer (Kinematica, Bohemia, NY) followed by straining Wild-type strains resulted in similar lesions to NRS384, while the Hla mutant strain resulted in decreased lesion severity. Serial dilutions of pinna homogenates from mice infected with wild-type (C) and mutant (D) strains were plated on TSA plates for CFU at days 1, 4, 7, and 14 postinfection (n ϭ 6 to 8 mice per group; limit of detection ϭ 50 CFU/ml; *, P Ͻ 0.05 compared to controls by Student's t test). Bars represent SD.
for the duration of the experiment. Neutrophil depletion throughout the course of the experiment was analyzed by flow cytometry using heparinized blood stained with anti-Gr-1 (clone RB6-8C5). Mice were euthanized at days 1, 4, 7, and 14 postimplantation. Ear pinnae, cervical LNs, and kidneys were harvested and processed, and serial dilutions of tissue homogenates were plated on tryptic soy agar plates to enumerate CFU/ml, as described above. Microscope and in vivo imaging system (IVIS) images were also captured, as described below. Mice were also observed daily for mortality throughout the duration of the experiment.
In vivo imaging of cervical LNs. The progression of S. aureus SSTI was followed by acquiring whole body images of neutrophil-depleted mice using an IVIS100 in vivo imaging system (Caliper Life Sciences, Hopkinton, MA). Mice were anesthetized with 2.5% isoflurane mixed with oxygen delivered by the gas anesthesia system supplied with the IVIS100. Ventral images were acquired to determine the presence of bioluminescent S. aureus in the cervical LN. All images were acquired using an exposure time of 3 min, according to the manufacturer's recommendations. Images were analyzed using Living Image 4.1 software (Caliper Life Sciences, Hopkinton, MA).
Statistical analysis. CFU levels were compared between mice infected with the USA300 strains NRS384, TCH1516, or FPR3757 and between mice infected with NRS384, a Sbi/Spa mutant strain, or an Hla mutant strain. CFU levels were also compared between infected mice that had been treated with either RB6-8C5 or an isotype control antibody. Lesion severity was compared between infected and mock-infected ear sections and between infected RB6-8C5 and isotype control-treated mice. In addition, cytokine levels and immune cell percentages in the draining lymph node were compared between infected and mock-infected control mice. All analyses were performed using GraphPad Prism. Differences in CFU levels, lesion severity, cytokine levels, and immune cell percentages were evaluated using a two-tailed Student's t test, with a P value of Ͻ0.05 indicating statistical significance.
RESULTS

Epicutaneous infection using an S. aureus-coated MorrowBrown needle results in replicable, self-limiting skin infection.
Ear pinnae from BALB/c mice were infected via epicutaneous challenge with S. aureus. Each mouse was then examined under a dissecting microscope at days 1, 4, 7, and 14 postinfection to determine lesion development and severity. Results indicated the consistent development of replicable purulent lesions at the infection site with clear and predictable areas of inflammation and epidermal crusting, which were not present in mock-infected control mice. An increase in the size and severity of lesions was observed between days 1 and 7 postinfection, followed by resolution of the infection by day 14 (Fig. 1A) . CFU were enumerated from homogenized ear tissue to determine the bacterial load in the ear at each time point postinfection. Results demonstrated that viable S. aureus was cultured out of the pinnae of the ear at days 1, 4, and 7 postinfection, with a dramatic decrease in bacterial load that corresponded with the healing of lesions by day 14 (Fig. 1B) . In addition, low numbers of S. aureus were observed in the cervical LNs at days 1 and 4 postinfection, but bacteria were no longer cultured from cervical LNs by day 7 postinfection (Fig. 1C) . In order to demonstrate that the infection elicited by our S. aureus SSTI model was not unique to the NRS384 strain of USA300, we also infected BALB/c mice with two well-characterized wild-type (WT) USA300 strains: TCH1516, a strain derived from an otherwise healthy pediatric patient who developed severe sepsis (29) , and FPR3757, a strain isolated from an abscess in an HIV-positive adult male (30). These strains were both able to produce SSTI in BALB/c mice with similar lesions and bacterial concentrations at the infection site comparable to that of NRS384 (Fig. 1A and 2A and C). In order to demonstrate that this infection model can be used to effectively identify virulence defects during S. aureus SSTI, we also infected BALB/c mice with two mutant strains, a SpA/Sbi double knockout and an Hla genetically inactivated mutant. These mutant strains both exhibited a reduction in bacterial load at day 7 postinfection compared to wild-type NRS384. In addition, infection with the Hla mutant resulted in significantly decreased lesion severity compared to infection with the wild type (Fig. 1A and 2B and D) .
Lesion pathology resulting from S. aureus epicutaneous infection. In order to evaluate pathology at the lesion site during this skin infection, paraffin-embedded ear pinna sections from infected BALB/c mice were compared to ear sections from mockinfected BALB/c mice. Mock-infected control ear sections did not show significant pathology. However, infected ear pinnae had moderate to severe lesions as early as day 1 postinfection, as demonstrated by the presence of deep dermal abscesses, multifocal intradermal microabscesses, and neutrophilic dermatitis (Fig. 3A) . By day 4 postinfection, ear pinnae began to show diffuse dermal infiltrates comprised of neutrophils and macrophages, areas of acanthosis, and epidermal crusting. By day 7 postinfection, lesions uniformly exhibited deep multifocal mixed dermal infiltrates, myositis, and areas of acanthosis. By day 14 postinfection, ear pinna skin began to return to normal and no longer exhibited any significant lesions, although there was generally permanent loss of ear tissue at the infection site (Fig. 3A) . Lesion severity, as measured on a scale from 1 to 5, was significantly higher in infected mice at days 1 and 7 postinfection, versus mock-infected mice, but returned to similar levels by day 14 (Fig. 3B) .
S. aureus SSTI results in increased T h 1, T h 2, and T h 17 cytokines in BALB/c mice.
Cytokine levels in the draining LNs were compared between infected and mock-infected BALB/c mice in order to determine the character of the immune response. At days 1, 4, and 7 postinfection, cervical LNs were removed from infected and mock-infected mice and homogenized. LN homogenates were then analyzed using a Luminex-based cytokine assay. Several T h 1 associated cytokines were elevated in the draining LNs throughout the course of infection, including IFN-␥, IL-12 p70, and TNF-␣. There were also significantly higher levels of the T h 17-associated cytokines IL-6, IL-17, and IL-21 in infected animals relative to mock-infected controls (Fig. 4A) . Cytokine levels generally peaked at day 4 postinfection and began to drop off by day 7, with the exception of IL-6, which peaked at day 1. These cytokines remained significantly elevated over mock-infected controls at all time points tested. A number of chemokines involved with neutrophil recruitment were also elevated in the cervical LN, including KC, MIP-1␣, and CXCL5. In contrast, the T h 2 and regulatory T cell (T reg )-associated cytokine, IL-10, was unchanged between infected and mock-infected controls (data not shown).
S. aureus SSTI results in elevation of several immune cell populations in the draining LNs of BALB/c mice. Numbers of various immune cell types were determined via flow cytometry analyses in order to further elucidate the character of the immune response to S. aureus SSTI. At day 4 and day 7 postinfection, cervical LNs were removed from infected and mock-infected mice, and single cell suspensions of LN cells were prepared and stained for various immune cell markers before being analyzed by flow cytometry. Results demonstrate significantly higher numbers of several immune cell types in the draining LNs of infected mice than control mice, including B cells, CD4 ϩ T cells, CD8 ϩ T cells, dendritic cells (DCs), natural killer T (NKT) cells, polymorphonuclear cells (PMNs), and macrophages (Fig. 4B) . This increase was evident at both time points tested, with the exception of NKT cells and PMNs, which were significantly higher only at day 7 postinfection.
Neutrophils are required to control dissemination of S. aureus during SSTI. The observation of infiltration of neutrophils into the localized site of infection and draining LNs suggested that these cells may play an important role in containment and clearance of infection. In order to test this, BALB/c mice were treated with either RB6-8C5 to deplete neutrophils in vivo or an IgG2b isotype control 24 h before epicutaneous infection with a bioluminescent strain of USA300. Following infection, mice were treated with either RB6-8C5 or the IgG2b isotype control every 72 h for the duration of the experiment. Each mouse was examined under a dissecting microscope and via whole-animal in vivo imaging on days 1, 4, 7, and 14 postinfection. In addition, ear pinnae, cervical LNs, and kidneys from neutrophil-depleted or isotype control-treated mice were harvested at the same time points, homogenized and plated for CFU, or fixed in formalin for H&E staining of paraffin-embedded sections. CFU in ear tissue homogenates were enumerated to determine the course of infection, and CFU in superficial cervical LN and kidney homogenates were enumerated to determine whether S. aureus disseminated out of the ear pinna. Microscope images (Fig. 5A ) and CFU counts (Fig. 5C ) indicate that there is no observable difference in the size, severity, or bacterial load of skin lesions on the ears of RB6-8C5-versus IgG2b-treated mice. In contrast, both IVIS images (Fig. 5B ) and CFU counts (Fig. 5C ) indicated increased bacterial burden over time in the cervical LNs of RB6-8C5-treated mice. In addition, S. aureus was cultured from the kidneys of only mice treated with RB6-8C5, a hallmark of bacterial dissemination (45) into the bloodstream (Fig. 5C ). Histopathological analysis of infected ear . (C) Serial dilutions of ear pinna, cervical LN, and kidney homogenates were plated on TSA plates at days 1, 4, 7, and 14 postinfection. CFU/ml were calculated and plotted over time (n ϭ 6 to 8 mice per group; experiments performed in duplicate; limit of detection ϭ 50 CFU/ml; *, P Ͻ 0.05 compared to IgG2b controls by Student's t test).
sections from RB6-8C5-treated versus control mice demonstrated that neutrophil depletion leads to extensive areas of necrosis not observed in nonneutropenic-infected mice (Fig. 6A) , as well as increased severity of lesions, as measured on a scale of 1 to 5 (Fig. 6B) .
Finally, mice were observed daily for survival. Results demonstrated that 80% of infected mice treated with RB6-8C5 died between days 8 and 14 after infection (Fig. 6C ). This increase in mortality was observed only in RB6-treated mice subject to S. aureus SSTI. No mortality was observed in mock-infected, RB6-treated mice, confirming that death was due to the infection in the treated mice, not due to the administration of RB6-8C5. Depletion of neutrophils by treatment with RB6-8C5 monoclonal antibody was confirmed throughout these experiments by flow cytometry (data not shown).
DISCUSSION
S. aureus SSTI is an increasingly costly and common occurrence in healthy individuals outside the hospital environment (3) (4) (5) . Although many of these infections are self-clearing, a small number of them progress to potentially fatal invasive infections (17, 18) . CA-MRSA SSTIs generally differ from hospital-acquired SSTIs in how the infection initially manifests itself, as well as in the most prevalent disease-causing strains (6) . However, established animal models of S. aureus SSTI are more representative of HA-MRSA infections, such as surgical site and wound infections. Other models of SSTI utilize methods that may be difficult to replicate with uniformity (24) (25) (26) . In the present study, we sought to develop a murine model that accurately and consistently mimics CA-MRSA SSTI in humans and to characterize the host response against this type of infection using this model.
Morrow-Brown needles are designed for the performance of allergy skin prick testing in which consistent penetration of the epidermis is desired. The needles are specifically designed to ensure consistent depth of epidermal penetration and lesion size. Inoculation of the mouse epidermis of the ear pinnae using Morrow-Brown allergy test needles coated with S. aureus resulted in a consistently replicable purulent lesion that was small, localized, and self-clearing in immunocompetent BALB/c mice, an indication that this is a clinically relevant model of CA-MRSA SSTI that accurately mimics similar lesions in patients (13) . In addition, the ease with which lesions of similar size, severity, and bacterial burden were achieved when using this model indicates that it will be a useful tool for studying these types of infections.
Lesions were characterized by areas of inflammation, purulence, and crusting (Fig. 1A) , as well as neutrophil infiltration, abscess formation, and other signs of tissue inflammation and damage, such as myositis and acanthosis (Fig. 3A) . Bacterial burdens and lesion severity increased between days 1 and 7 postinfection and subsequently dropped by day 14 (Fig. 1B and 3B) , by which time lesions were resolved. A similar progression of infection was demonstrated when mice were infected with either of two additional strains of USA300, indicating that this infection model is consistent across multiple strains of S. aureus ( Fig. 2A and C) . In contrast, infection with a SpA/Sbi double knockout or an Hla mutant strain of NRS384 resulted in low bacterial loads at the infection site at day 7 postinfection and, in the case of the Hla mutant, decreased lesion severity (Fig. 2B and D) . These results indicate that this model also provides an effective method for identifying and studying bacterial factors that are potentially required for S. aureus pathogenesis. It is likely that the majority of S. aureus skin infections in humans resolve quickly and go unreported. Because the number of uncomplicated S. aureus infections is unknown, the rate at which these infections progress to serious infections requiring medical treatment cannot be calculated; nonetheless, it is reasonable to assume that the rate is very low in healthy individuals. This is consistent with our results indicating that the epicutaneous skin infection model accurately reflects S. aureus skin infections in humans.
In mouse models, it is known that a number of T h 1 and T h 17 cytokines are associated with protection against fatal S. aureus infection (46) (47) (48) . This is especially true for the T h 17 response, which is associated with neutrophil recruitment and protection against extracellular bacteria (49) (50) (51) (52) . In the epicutaneous skin infection model, levels of the T h 1 cytokines IFN-␥, IL-12, and TNF-␣ and the T h 17 cytokines IL-17A, IL-6, and IL-21 in the draining cervical LNs were significantly elevated over controls at all time points tested and generally peaked at day 4 postinfection. The one exception was IL-6, which peaked at day 1, remained elevated at day 4, and then decreased at day 7 postinfection (Fig.  4A ). In addition, there was an increase in the frequency of CD4 T cells, CD8 T cells, DCs, NKT cells, PMNs, and macrophages (Fig.  4B ). This is not surprising, due to the large number of bacterial products produced by S. aureus that are known to activate various arms of the immune system (52) . Based on these observations, we suspect that T h 1 and T h 17 responses enable the host to contain and resolve S. aureus skin infections; this idea may be tested in future studies.
Neutrophils were previously shown to play an essential role in the containment and clearance of S. aureus infections (52) (53) (54) . Because neutrophils were clearly present at the infection site (Fig.  3A) and in the cervical LNs (Fig. 4B ) of infected mice in this study, and there was a concomitant increase in T h 17 cytokines in the draining LNs (Fig. 4A) , we examined the role of neutrophils in the epicutaneous skin infection model. Our results demonstrated that neutrophils play a critical role in the containment of S. aureus skin infections in this model. Although neutrophil depletion did not appear to affect lesion size (Fig. 5A) or bacterial burden at the site of infection (Fig. 5C ), the severity of lesions was significantly higher in neutrophil-depleted mice (Fig. 5B) , and neutrophil-depleted mice failed to contain the infection (Fig. 5C) . In untreated mice, bacterial burdens were high at the site of infection, and small numbers of bacteria were observed in the draining LNs, but the infection did not spread beyond the draining LN; bacteria were ultimately cleared from the site of infection, and the lesions were resolved (Fig. 1C) . In contrast, neutrophil-depleted mice were unable to contain the infection. Large numbers of bacteria were observed in the LNs of these mice, leading ultimately to disseminated disease and death ( Fig. 5C and 6C) . Our results therefore suggest that neutropenia is likely a risk factor for severe S. aureus skin and soft tissue infections. It should be noted that RB6-8C6 can also deplete inflammatory monocytes in the host. These cells may also play a protective role in this model, and further investigation is needed to determine if both of these cell types play a role in protection from S. aureus SSTI.
Taken together, results from these studies indicate that our model accurately mimics human infection while simultaneously providing a tool that allows for the consistent replication of experimental CA-MRSA SSTIs with ease and precision. This model results in SSTI lesions that share many similarities with CA-MRSA infections in patients (13, 15, 16) , including the host's dependence upon neutrophils for the effective containment and clearance of the infection. Because CA-MRSA is an increasingly costly and dangerous public health threat in the United States, it is important to have the necessary tools to evaluate candidate vaccines, new antimicrobials, and other potentially therapeutic agents. This model may provide such a needed tool, and future studies will focus on further elucidating mechanisms of protection in the host and evaluating biomarkers of S. aureus SSTI.
